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Abstract
Mechanism mixing graviton spin states is defined. The mixing appears naturally due to loop corrections.
Its influence on amplitudes involving matter states is shown, implications for empirical data are discussed.
It is argued that the mixing is one of the reasons behind an inability to defined the universal running of the
Newton constant.
1 Introduction
Quantum general relativity is known to experience problems with renormalizability. At the one-loop level
pure general relativity is renormalizable only on-shell [1]. When matter is added to the model, then even on-
shell renormalization does not take place [1]. At the two-loop level even pure general relativity is completely
non-renormalizable [2]. Because of this it can hardly be considered as a fundamental theory.
Effective field theory technique provides a way to account for quantum corrections to general relativity
consistently [3, 4, 5] and avoid problems associated with non-renormalizability. The technique is based on a
premise that general relativity describes gravitational interaction at some energy scale µ below the Planck scale.
From the normalization scale µ the theory is extended to the low energy regime via standard loop corrections.
Applicability of the theory is limited only to energies below the normalization scale and it is assumed that all
divergences in loop corrections can be renormalized within the complete theory.
The effective theory for general relativity allows one to obtain some verifiable predictions, for instance to
recover the low energy effective action [5, 3], to obtain corrections to the Newton law [6, 7], etc [8, 9].
In this paper we highlight a phenomenon that we call “graviton mixing”. It is similar to the fermion mixing
in the standard model. In the electroweak sector of the standard model neutrino free states which are eigenstates
of the mass operator (ν1, ν2, ν3) are given as a superposition of eigenstates of an interaction operator (νe, νµ, ντ ).
Their relation is described by the PMNS matrix [10, 11, 12]. To put it otherwise, fermion mixing takes place,
when a superposition of fermion state with well-defined mass is coupled to gauge bosons [12].
A similar phenomenon takes place in gravity. General relativity contains massless spin-2 degree of freedom
on shell, while off-shell it receives an additional massless scalar degree of freedom [13, 14, 15]. In the classical
theory these degrees of freedom are coupled to an energy-momentum source T µν in the same way:
T µνhµν = T
µνh(s=2)µν + T
µνh(s=0)µν . (1)
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Within an effective theory this is not so, as the correspondent couplings are modified due to quantum effects.
In full analogy with the case of the standard model one should introduce a mixing matrixMµναβ that couples
a linear combination of spin-2 and spin-0 states to an energy-momentum source:
T µνhµν → T
µνMµναβh
αβ =
= T µν
[
Mµναβh
(s=2)αβ +Mµναβh
(s=0)αβ
]
. (2)
The main focus of the paper is to draw an attention to the graviton mixing and to highlight its role within
effective gravity. In the next section we discuss a motivation behind the graviton mixing in more details and
provide a way to construct a graviton mixing matrix. Then we show that the mixing has a non-trivial influence
on processes involving matter. Namely, the structure of virtual graviton exchange processes is strongly affected
by the mixing. We conclude with a discussion of the role of graviton mixing.
2 Graviton Mixing
Within general relativity an interaction between a week gravitational field hµν and an energy-momentum source
is given by the following Lagrangian:
Lint = T
µν Iµναβh
αβ . (3)
Here Iµναβ is the gauge-invariant generalization of a rank-2 unit tensor
Iµναβ
def
=
1
2
(θµαθνβ + θµβθνα) . (4)
And the standard projectors θµν = ηµν − kµkν/k
2 are used. The interaction contains spin-2 and spin-0 parts:
Lint = T
µνP 2µναβh
αβ + T µνP 0µναβh
αβ
= T µνh(s=2)µν + T
µνh(s=0)µν . (5)
Where P 2 and P 0 are Nieuwenhuizen operators [16, 17]:

P 2µναβ
def
=
1
2
(θµαθνβ + θµβθνα)−
1
3
θµνθαβ ,
P 0µναβ
def
=
1
3
θµνθαβ .
(6)
They are orthogonal projectors on spin-2 and spin-0 states:

P 2µνρσP
2ρσ
αβ = P
2
µναβ ,
P 0µνρσP
0ρσ
αβ = P
0
µναβ ,
P 2µνρσP
0ρσ
αβ = 0.
(7)
Thus, in general relativity spin-2 and spin-0 graviton states share the matter coupling constant.
Within a more general setup of effective theory this feature can hardly holds. Even if general relativity
does describe gravity at some energy scale µ below the Planck scale, then loop corrections can still induce a
non-minimal coupling between graviton spin states and matter. In the most general case one can account for
such effects by introducing the graviton mixing matrix:
Mµναβ = Iµναβ +AP
2
µναβ +BP
0
µναβ (8)
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with A and B being mixing parameters. The matrix redefines the form of the interaction between gravity and
matter:
Lint → T
µνMµναβh
αβ . (9)
A few comment on the mixing are due.
Firstly, the mixing parameters A and B should be given in terms of momentum expansions. Loop corrections
can be consistently taken into account within effective field theory [5, 3]. The form of the mixing parameters
can be recovered via dimension reasoning:{
A(κ2) = a1κ
2
+ a2(κ
2
)2 + · · ·
B(κ2) = b1κ
2
+ b2(κ
2
)2 + · · ·
. (10)
These expansions are due, as the n-loop graviton correction is suppressed by the factor κ2n. Thus, constants
a1, b1 contain data on one-loop corrections, a2 and b2 describe two-loop corrections, etc. The explicit values of
these constants cannot be evaluated within the effective theory, but can be calculated within quantum gravity
models.
Secondly, mixing parameters are defined by the particle content of the effective theory. Alongside graviton
loop corrections the energy-momentum tensor is also affected by matter loop corrections. It is safe to consider
only renormalizable interactions with dimensionless couplings. Corrections from such matter loops do not
influence the structure of the momentum expansions (10) and only contribute to coefficients ai, bi. Cases of
non-renormalizable interactions and interactions with dimensionful couplings require a special treatment and
lie beyond the scope of this paper.
Summarizing all of the above, within an effective theory for general relativity the graviton mixing appears
naturally due to loop corrections. The mixing parameters are defined by the structure of the underlying
fundamental theory, but their form can be recovered via dimension reasoning. But most importantly, the
mixing must be taken into account for processes involving matter states.
The importance of the graviton mixing can be easily illustrated via a simple example of a virtual graviton
exchange. To proceed with the goal one should use the gauge-invariant part of the graviton propagator [17]:
Gµναβ =
i
k2
(
P 2µναβ −
1
2
P 0µναβ
)
. (11)
To account for the graviton self-energy the following graviton polarization operator should be used:
Πµναβ = iNκ
2k4
[
P 2µναβ + ζP
0
µναβ
]
. (12)
In this expression N and ζ are numerical coefficients defined by the structure of the complete quantum model.
We do not specify their values, as they are irrelevant for the reasoning to be presented. Moreover, this approach
goes in line with classical results [1, 2].
This allows one to recover the resummed graviton propagator:
Gµναβ =Gµναβ + (GΠG)µναβ + · · ·
=
i
k2
(
P 2µναβ −
1
2
P 0µναβ
)
−
i P 2µναβ
k2 −
− 1
Nκ2
(13)
+
i P 0µναβ
k2 −
1
1
2 ζNκ
2
.
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In full agreement with classical results [1, 18] the propagator contains additional poles corresponding to spin-0
massive states and spin-2 massive ghosts. These poles mark the applicability limits of the effective theory.
In such a setup an exchange of a virtual graviton between two energy-momentum sources is described by
the following expression:
T µνMµναβG
αβρσMρσλτT
λτ = T µνGµναβT
µν , (14)
Gµναβ =
i
k2
(
A2 P 2µναβ −
1
2
B2 P 0µναβ
)
(15)
−
i A2 P 2µναβ
k2 −
− 1
Nκ2
+
1
2
i B2 P 0µναβ
k2 −
1
1
2ζNκ
2
.
In this expression G is not a resummed graviton propagator, but a quantity that accounts both for graviton
propagation and for the mixing. To be short we will call G the effective propagator.
It may seem that effective and resummed propagators have a similar structure, but this is not so. The
mixing coefficients A and B are functions of the transferred momentum k2, so they alter the pole structure.
For instance, if A2 is proportional to k2 + 1/(Nκ2), then the corresponding matrix element is free from the
ghost pole. At the same time, if either A2 or B2 admit additional poles, then these poles are to appear in an
expression for the matrix element.
The difference between the pole structure of (13) and (15) shows the following feature of the mixing. The
graviton mixing alters the pole structure of the amplitudes involving matter states. This feature has two
immediate corollaries.
Firstly, as the graviton mixing influence the pole structure of amplitudes ivolving matter, it also influence
the applicability of the effective model. Poles of the resummed graviton propagator (13) indicate the energy
scale at which the effective theory applicability should be put under question, as the ghost instability can be
triggered [19]. Poles of the effective propagator (15) play the same role and indicate the limits of the effective
theory applicability. Due to the mixing the position of the pole corresponding to ghost states can be altered,
which changes the area of applicability for the effective theory.
Secondly, the graviton mixing can be probed empirically. The matrix element of a virtual graviton exchange
can be studied empirically, as it defines the form of the Newton law. Namely, it can be studied in the terrestrial
environment via experiments of Eo¨t-Wash type [20]. The structure of the corresponding matrix element is
defined via the effective propagator (15) which contains data on the graviton mixing. Therefore the graviton
mixing can be put to a direct empirical verification.
This conclusion is also independently supported with well-known results considering corrections to the
Newton potential [6, 7]. In these papers the graviton mixing is not separated explicitly, but it is taken into
account. Without the mixing corrections to the Newton potential would have a Yukawa-like form due to the
new poles associated with massive states. As the mixing is accounted for, the one-loop effective non-relativistic
potential has corrections of a different form.
Finally, one can argue that the graviton mixing is the reason behind the fact the it is impossible to introduce
a universal definition of a running gravitational coupling [21]. As it was highlighted before, within general
relativity graviton spin components share the matter coupling. Because of this one can introduce a single
coupling constant, the Newton constant, to describe these interactions. When loop corrections are taken into
account so the spin components are mixed, the corresponding coupling receive different correction and can no
longer be described by a single coupling.
4
3 Conclusion
In this paper we discussed a mechanism of graviton mixing and its possible application within effective field
theory for gravity.
We define the graviton mixing in the following way. Within general relativity interaction between matter and
spin-2 gravitons (that exist on- and off-shell) alongside with spin-0 gravitons (that exist only off-shell) is defined
uniquely. Within effective theory this feature does not hold, as loop corrections can change the corresponding
couplings of graviton spin states. We introduce the graviton mixing matrix that accounts for possible mixing
of spin-2 and spin-0 graviton states in interaction with an energy-momentum source.
We have shown that graviton mixing strongly influence amplitudes containing matter states. A virtual
graviton exchange process was used as an illustrative example. Formulae (14) and (15) show that the poles
structure of such a process is defined by the graviton mixing coefficients.
Three conclusions can be made about the graviton mixing. First of all, the mixing can change the area of
applicability of the effective theory due to the pole structure of the mixing parameters. Secondly, the mixing
can be directly probed empirically. Namely, experiments of Eo¨t-Wash type are sensitive to the graviton mixing.
Thirdly, the graviton mixing is the reason behind an inability to define a universal running gravitational coupling.
The mixing is due loop corrections that has different influence on spin-2 and spin-0 graviton states coupling to
matter. Consequently the corresponding couplings can no longer be described by a single Newton constant.
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